To understand how alloy chemistry and microstructure impact corrosion performance, oxide layers formed at different stages of corrosion on various model zirconium alloys ͑Zr-xFe-yCr, Zr-xCu-yMo, for various x, y͒ and control materials ͑pure Zr, Zircaloy-4͒ were examined to determine their structure and the connection of such structure to corrosion kinetics and oxide stability. Microbeam synchrotron radiation diffraction and fluorescence of oxide cross sections were used to determine the oxide phases present, grain size, and orientation relationships as a function of distance from the oxide-metal interface. The results show a wide variation of corrosion behavior among the alloys, in terms of the pretransition corrosion kinetics and in terms of the oxide susceptibility to breakaway corrosion. The alloys that exhibited protective behavior at 500°C also were protective during 360°C corrosion testing. The Zr-0.4Fe-0.2Cr model ternary alloy showed protective behavior and stable oxide growth throughout the test. The results of the examination of the oxide layers with microbeam X-ray diffraction show clear differences in the structure of protective and nonprotective oxides both at the oxide-metal interface and in the bulk of the oxide layer. The nonprotective oxide interfaces show a smooth transition from metal to oxide with metal diffraction peaks disappearing as the monoclinic oxide peaks appear. In contrast, the protective oxides showed a complex structure near the oxide-metal interface, showing peaks from Zr 3 O suboxide and a highly oriented tetragonal oxide phase with specific orientation relationships with the monoclinic oxide and the base metal. The same interfacial structures are observed through their diffraction signals in protective oxide layers formed during both 360°C and 500°C corrosion testing. These diffraction peaks showed much higher intensities in the samples from 500°C testing. The results for the various model alloys are discussed to help elucidate the role of individual alloying elements in oxide formation and the influence of oxide microstructure on the corrosion mechanism.
Introduction
Minimizing waterside corrosion of Zr-based alloys remains an important issue for the utilization of these alloys as fuel cladding and structural components in light water reactors ͓1͔. Increases in coolant temperature, power uprates, extended burnups, and longer residence times have resulted in the development of advanced Zr alloys to meet the needs of nuclear power plant operators ͓2,3͔. Despite the successful application of advanced Zr alloys with improved corrosion behavior, full understanding of the corrosion mechanism and of the role of alloy additions on corrosion remains elusive.
Prior work revealed the periodic nature of zirconium alloy corrosion in which oxide layers of a constant thickness were observed across the entire oxide thickness ͓4͔. The presence of a layered oxide structure suggested that corrosion proceeded by a repetitive process of oxide growth to a critical thickness followed by a transition to the growth of the next oxide layer. This repetitive growth of oxide layers can be characterized as stable growth with each layer growing as a protective oxide with a decrease in growth rate with increased thickness.
Layered oxide structures were observed in Zircaloy-4, ZIRLO™, and Zr-2.5Nb alloys following autoclave exposures in 633 K water ͓4-6͔. In addition, the oxide layers were characterized by columnar grains that were oriented along the growth direction with a preferred crystallographic texture. While the oxides exhibited several common features ͑layers, columnar grains, texture͒, small differences in the magnitude of these features were observed in the more corrosion-resistant alloys ͑lower post-transition corrosion rates͒ exhibiting thicker oxide layers with larger columnar grains ͓7͔. In contrast to the above stable growth, breakaway oxide growth occurred in Zircaloy-4 and Zr-2.5Nb when tested in 633 K water containing 70 ppm Li. Breakaway growth was characterized by a rapid increase in corrosion rate and no discernible oxide layers. Additional oxide characteristics included equiaxed grains and porosity extending to the oxide-metal interface. Breakaway oxide growth began immediately in Zr-2.5Nb while breakaway growth occurred in Zircaloy-4 following a period of stable growth. It is noteworthy that ZIRLO exhibited stable growth in lithiated water and unlike the oxides formed on Zircaloy-4 and Zr-2.5Nb, the oxide was layered with reduced porosity at the oxide-metal interface ͓7͔.
The above approach to understanding the differences in corrosion behavior of zirconium-based alloys focused on characterization of the oxide microstructure. However, in commercial alloys it is difficult to separate the roles of individual alloying elements on corrosion. In the present study, a series of various model zirconium alloys were prepared and corrosion tested in 360°C pure water, 500°C steam, and 500°C supercritical water. The model alloys were chosen to highlight the role of alloy additions on the corrosion process. Oxides formed on the model alloys were examined to identify oxide features that were characteristic of stable oxide growth ͑formation of repetitive protective layers͒ or breakaway growth ͑formation of nonprotective oxide͒. Previous studies have also focused on the behavior of model alloys ͓8͔, but here these studies are expanded on by ͑a͒ generating a more detailed study of corrosion kinetics ͑with more data points͒, and ͑b͒ characterizing the structure of the oxide layers using advanced techniques to relate oxide structure to corrosion kinetics and oxide stability.
Experimental Methods

Model Alloys
A series of binary and ternary model alloys was prepared in the context of a broader study of the effect of alloying elements on the formation of a protective oxide layer on Zr alloys during waterside corrosion ͓9͔. The alloying elements were precipitate-forming elements such as Fe, Cr, Cu, and Mo, and two elements that form extensive solid solutions with Zr: Sn and Nb ͑it is recognized that Nb also forms precipitates at concentrations above the solubility limit of about 0.4-0.5 %͒ This study focuses primarily on the characterization and study of the oxide layers formed on the samples of the precipitate-forming alloys during corrosion testing in 360°C water, 500°C steam, and 500°C supercritical water. The alloys were selected to highlight the individual role of alloying elements in the formation of a stable protective oxide during waterside corrosion. For example, the specific Zr-Fe-Cr alloys chosen highlight separately the roles of precipitate volume fraction and of precipitate size. Thus a set of four model alloys were prepared in which the volume fraction was increased by increased alloy content and the precipitate size by longer and higher temperature anneals ͓10͔. The comparison of the corrosion results in these alloys with those in standards and in pure Zr should give insight into the mechanisms of alloying protection. Table 1 lists the target and measured compositions of the alloys used in this study. These alloys were prepared by arc melting 350-g button ingots multiple times to ensure chemical homogeneity. The arcmelted ingots were beta-solution treated at 1050°C, water quenched, hot-rolled, given two iterations of intermediate annealing and cold-rolling to reach final size ͑0.8 mm͒, and then final annealed. The thermal processing following the water quench was performed at a single temperature ͑580°C, 650°C, or 720°C͒ for each button ingot.
The main groups contained alloys that form second phase particles ͑Zr-Fe-Cr alloys, Zr-Cr-Fe alloys, Zr-Cu-Mo͒, in addition to pure Zr ͑sponge and crystal bar͒ and Zircaloy-4 ͑a Zircaloy-4 sample was melted and processed in the same way as the model alloys͒. The second phase particles found in each alloy, were identified using synchrotron radiation X-ray diffraction as done previously for Zircaloy ͓10,11͔.
Corrosion Testing
Specimens for corrosion testing, measuring 25 mm by 20 mm by 0.8 mm, were cut from the manufactured strip, mechanically ground using 1200 grit SiC paper, and then pickled in a solution of 5 vol. % HF, 45 vol. % HNO 3 , and 50 vol. % H 2 O. The corrosion tests were conducted in 360°C water, 500°C / 10.3 MPa steam, and 500°C / 24.1 MPa supercritical water ͑SCW͒ in a manner consistent with the ASTM Practice G2/G2M-06 "Standard Test Method for Corrosion Testing of Products of Zirconium, Hafnium, and Their Alloys in Water at 680°F ͓360°C͔ or in Steam at 750°F ͓400°C͔. The corrosion behavior of the specimens was evaluated by measuring the weight gain as a function of the exposure time. The corrosion test in supercritical water was performed in a dynamic loop system ͑water is constantly refreshed, and chemistry is controlled͒ at the University of Michigan. The 360°C water and 500°C steam corrosion tests were performed at Westinghouse in static autoclaves. The details of the testing were previously given in Ref. ͓10͔ . At least 16 samples from each model alloy were prepared, to allow careful measurement of pretransition kinetics and to provide good statistics. Samples were systematically removed from the autoclave for weight gain measurements and occasionally archived for microstructure examination. Frequent weight gain measurements were performed in the early part of the corrosion test to determine the corrosion kinetics in the pretransition regime.
Microbeam Synchrotron Radiation X-ray Diffraction and Fluorescence
The corrosion coupons removed from the autoclave were cut into thin ͑1 mm͒ strips which were then inserted into thin-wall 3-mm diameter brass tubes ͓4͔. Cross section slices cut from these tubes were mechanically ground and polished using successively finer abrasive media to 0.1 m diamond. The oxide cross section samples were examined by micro-beam synchrotron radiation at the 2-ID-D beam line of the Advanced Photon Source at Argonne National Laboratory.
The microbeam was focused to a size of 0.25 m in the vertical direction ͑normal to the oxide-metal interface͒ and had a 2-m footprint in the horizontal direction ͑parallel to the oxide-metal interface͒. The beam energy was 9.5 keV, corresponding to a wavelength of 0.1305 nm. Diffraction and fluorescence data were simultaneously collected from the sample as it was translated across the beam in step sizes ranging from 0.15 to 0.50 m. The diffraction data were collected by a flat two-dimensional detector ͑CCD camera͒, while the fluorescence data were collected by an energy dispersive detector.
The position of the microbeam within the oxide layers was determined by monitoring Zr L line fluorescence counts as the sample was translated across the beam ͓5͔. The distance between the oxidemetal interface and the oxide-water interface measured by this method was in good agreement, most often to within 0.5 m, with the optical determination of the oxide thickness. To obtain quantitative diffraction data, the digital data obtained from the two-dimensional detector were integrated over the elliptical sections for a fixed azimuthal angle, and the appropriate Lorentz and polarization correction factors were applied ͓4͔ to obtain a plot of diffracted intensity versus two-theta angle at each location analyzed. The peak positions of the phases identified corresponded with the peak positions in the respective powder diffraction files with a precision of a few hundredths of a degree in two-theta ͓12͔. 
Results
This section describes both the corrosion results and the results of microbeam diffraction oxide characterization of the oxide layers.
Corrosion in 360°C Water
The testing in 360°C water showed wide differences in behavior among the alloys, some showing protective behavior throughout the test, some showing immediate breakaway and some showing breakaway and loss of protectiveness after an initial period of protective behavior. Figure 1 shows the corrosion weight gains of individual corrosion coupons of representative alloys ͑14.7 mg/ dm 2 corresponds to one micron of oxide thickness͒. Focusing first on Zircaloy-4, it is possible to see that the corrosion weight gain exhibits the periodic behavior previously seen in this alloy. Three transitions are seen, with subsequent recovery of protective behavior. The oxide thickness at transition was about two microns, which corresponds well with previous oxide transition thickness measurements ͓5͔. Zr-0.4Fe-0.2Cr ͑H͒ exhibited the best behavior of all of the alloys, showing a weight gain of about 48 mg/ dm 2 after testing for 493 days. A similar alloy, but with lower alloying element content, and annealed at a lower temperature, ͑Zr-0.2Fe-0.1Cr ͑L͒͒ showed identical behavior up to about 200 days then showed an increased rate of corrosion, without recovering protective behavior. This was also the behavior of the alloys Zr-1.0Cr-0.2Fe and Zr-1.0Cu shown in Fig. 1 . The corrosion weight gains for sponge and crystal bar Zr showed large variability. Some coupons exhibited immediate breakaway behavior, while others showed protective behavior for up to 40 days and then showed breakaway behavior. The weight gain for one of these initially protective coupons is shown in Fig. 1 . Finally, in some cases, such as occurred in some of the coupons of alloy Zr-0.5Cr, immediate breakaway behavior was seen: the weight gain for the coupon shown in Fig. 1 was 225 mg/ dm 2 after 21 days. When examined in the scanning electron microscope ͑SEM͒, these oxide layers showed wide variations of morphology, as shown in Fig. 2 . Zircaloy-4 ͑Fig. 2͑a͒͒ shows periodic layers consistent with the transition thickness estimated from the weight gain curves, while the oxide layer for Zr-0.4Fe-0.2Cr ͑H͒ ͑Fig. 2͑b͒͒ showed a homogeneous oxide layer with little thickness variation. The nonprotective oxide layer formed on Zr-0.5Cr ͑Fig. 2͑c͒͒ showed extensive lateral cracking and a scalloped interface. This oxide layer exhibited "veins" ͑see figure͒ as previously reported in oxides formed at high burnup ͓13,14͔, showing the same association of veins with regions of lesser advance of the oxide. It has been conjectured previously that such veins result from the growth process of the oxide, and minimization of stress ͓13͔, but no systematic observations were made in this study to shed further light on this matter. In contrast, the oxide layers formed on pure Zr after breakaway showed a very uneven interface with dendrites of oxide advancing into the metal and very extensive cracking, as shown in Fig. 2͑d͒ . As discussed below, this interface instability for pure Zr is attributed to lateral variations in oxide characteristics due the absence of the homogenizing effect of alloying elements. 
Corrosion in 500°C Steam and SCW
The corrosion results at 500°C also showed a wide spread in corrosion rate between the alloys ͓10͔. Compared to the samples corroded during 360°C water testing, the samples corroded in 500°C supercritical water and 500°C steam showed much higher corrosion rates with a higher percentage of alloys exhibiting unstable oxide growth and breakaway. Although the corrosion rates were higher, surprisingly some of the alloys did exhibit protective oxide growth in both supercritical water and in steam throughout the duration of the tests. The corrosion weight gain at 500°C for some of the best performing alloys is shown in Fig. 3 . The set of alloys that exhibited the best behavior during testing at 500°C was similar to that which exhibited good behavior during 360°C corrosion testing, the best alloys being in the Zr-Fe-Cr alloy group. Zircaloy-4 showed nonprotective behavior from the start of the 500°C test, as previously reported. Only small differences were seen between the steam and supercritical water results.
Corrosion Kinetics in the Pretransition (Protective) Regime
The corrosion weight gain can be characterized by two main factors: ͑a͒ the corrosion rate in the protective ͑pretransition͒ regime, and ͑b͒ the tendency to undergo transition or breakaway corrosion, or both. To characterize the corrosion in the protective regime, the weight gain curves in the protective regime were fit according to the following equation:
where w is the weight gain in mg/ dm 2 , t is the exposure time in days, and A and n are constants which are alloy dependent. Frequent weight gain measurements were taken at the beginning of the corrosion test and the fits obtained from the alloys exhibiting protective behavior were quite consistent from different cou- pons of a same alloy. The power law equation consistently fits the weight gain curves with confidence factors above 0.99. One example is shown in Fig. 4 . Similar fits were obtained for all of the alloys and coupons that exhibited protective behavior. The results of this fitting process are shown in the bar charts in Fig. 5 which plots the values of the exponent n ͑for corrosion at 360 and 500°C, in Figs. 5͑a͒ and 5͑b͒͒ and the preexponential term A ͑Figs. 5͑c͒ and 5͑d͒ for 360 and 500°C͒ for the various alloys studied. Data generated on Zr-Nb and Zr-Nb-Sn systems by Jeong and co-workers are included for comparison ͓10,12͔. The values of n come from the fitting of the weight gains of various individual coupons for a given alloy. The solid bars show the average value while the lines show the spread. This allows an evaluation of the spread of the values, which, as mentioned above, is small. The values of both A and n were higher at 500°C than at 360°C reflecting the faster corrosion kinetics at that temperature.
FIG. 2-SEM micrographs of oxide layers formed 360°C pure water. (a) Stable oxide layers on
It is noteworthy also that the values of n appear to be dependent on the alloy. For testing at 360°C, the Zr-Nb samples show near parabolic behavior, with n Х 0.45. The Zr-Nb-Sn samples show a slightly lower value of n and Zr-Sn lower still. The Zr alloys containing transition metal, ͑ZrFeCr, ZrCrFe, ZrCuMo, Zircaloy-4͒, in addition to pure Zr, showed values of n in the range of 0.20-0.25. At higher temperature, the ZrNb samples show supra-parabolic behavior while the ZrFeCr samples that behave in a protective manner show near-cubic behavior ͑n = 0.33͒. It is interesting to note that ZrNb alloys ͑which form an In addition to these differences in the pretransition corrosion kinetics, the alloy oxides also showed differences in their tendency to undergo either transition or breakaway corrosion. These are summarized in Table 2 . The characterization efforts to rationalize these corrosion differences in terms of differences in the structure of the oxides are described in the next section.
Microbeam Diffraction Results
The corrosion samples of the model alloys archived at various stages of the corrosion process ͑and thus with oxide layers formed during protective and nonprotective regimes͒, were examined using microbeam synchrotron radiation diffraction, as was previously done for commercial alloys ͓4͔.
The diffraction patterns obtained from the oxide layers and their variation with oxide layer thickness were similar to those obtained in commercial alloys and showed many similarities between the protective and nonprotective oxide layers. However, they also showed significant and systematic differences.
The features that were common to all alloy oxides at both corrosion temperatures were the following: 1. The oxide layers consisted mostly of monoclinic ZrO 2 , with a small percentage of bulk tetragonal ZrO 2 . The tetragonal phase was seen throughout the oxide but with a higher percentage near the oxide-metal interface. The overall tetragonal phase content varied between the alloys. 2. The oxides were heavily textured, with the monoclinic oxide showing a growth direction close to the normal of the ͑−301͒ m plane. ͑In this paper, oxide peaks are written with a subscript m for monoclinic oxide and a subscript t for tetragonal oxide.͒ This is close to the growth direction ͑normal to the ͑−601͒ m plane͒ calculated by Li and co-workers ͓15͔ that minimizes stress accumulation. Other researchers have seen growth directions close to ͑−401͒ m ͓16,17͔. 3. Grain size did not vary significantly between alloys ͑although the grains were larger in oxide layers formed in 500°C testing͒. The grain sizes calculated from the full width half maximum of
FIG. 5-Values obtained for the fitting parameters of the weight gain curves in the pretransition regime for the alloys examined in this study. (a) Exponent n at 360°C; (b) exponent n at 500°C; (c) pre-exponential A at 360°C and (d) pre-exponential A at 500°C.
the peaks associated with the tetragonal phase were smaller than those from the monoclinic phase by about a factor of 2. The differences between the structure of protective and nonprotective oxides were most apparent at the oxide-metal interface, but some differences were also observed in the overall oxide texture. These differences were observed both between protective and nonprotective oxides formed on different alloys, or in the same alloy at different stages of the corrosion process, ͑after the oxide turns from protective to nonprotective͒. Figure 6 shows a composite of intensity versus two-theta plots arranged as a function of distance from the oxide-metal interface. The peaks for the different phases are labeled. In the metal region, three hcp-Zr peaks are present with the ͑0002͒ Zr basal pole showing low intensity. After the oxide-metal interface, monoclinic ZrO 2 peaks are seen. The monoclinic oxide peak intensities deviate from those of a random monoclinic powder, indicating a strong texture in the oxide layer. For example, the ratio of the diffracted intensities of the ͑111͒ m and ͑111͒ m monoclinic oxide peaks is much lower than the 1.45 ratio observed in a random powder of monoclinic oxide. In particular, the oxide growth orientation is such that the poles of the ͑200͒ m oxide planes make a ϳ 10 degree angle with the oxide growth direction and thus they are oriented close to perpendicular to the diffraction vector when the oxide is examined in cross section. As a result, the intensity of the ͑200͒ m peak is low, while the ͑020͒ m and ͑002͒ m peak intensities are high. In the bulk of the oxide, only one tetragonal peak is visible, the ͑101͒ t peak at 25.5 degrees two theta. Figure 6 also illustrates the different structure seen at the oxide-metal interfaces in protective and nonprotective oxides. As previously observed in protective oxides layers formed in commercial alloys ͓4͔, diffraction peaks were observed both in the region of the metal ahead of the oxide-metal interface and in the adjacent oxide region. Figure 6͑a͒ taken from an oxide layer formed on alloy Zr-0.2Fe-0.1Cr ͑H͒ during corrosion in water at 360°C illustrates the structure of a protective oxide. In particular, the peak shown at 28.7 degrees is present in the protective oxides, and absent in the nonprotective oxide layers. This • Protective, stable oxide growth for 0.2Fe-0.1Cr ͑580°C͒ through ϳ200 days followed by onset of nonprotective behavior • Protective, stable growth for remaining alloys through ϳ500 days ͑max. test duration͒.
• Nonprotective, breakaway for 0.2Fe-Cr0.1Cr
• Protective, stable oxide growth for higher alloying content ͑0.4Fe-0.2Cr͒
Zr-Cr-Fe 0.5Cr 0.5Cr-0.2Fe
1.0Cr 1.0Cr-0.2Fe
• Initial stable oxide growth followed by breakaway growth peak has been identified previously as the ͑002͒ t peak, belonging to a highly oriented tetragonal phase forming at the interface. As discussed below, the orientation relationships of this peak both with the metal and with the monoclinic phase into which it transforms suggest that this phase is a "precursor" phase, the presence of which allows the monoclinic phase to form in a more oriented fashion, and in a manner that minimizes stress accumulation in the oxide. This reduces the tendency for oxide breakup and loss of protective behavior. Figure 6͑b͒ shows the structure of a nonprotective oxide layer formed on Zr-0.2Fe-0.1Cr ͑L͒ after 409 days in 360°C water. This oxide layer was initially protective and became nonprotective after 200 days. It can be seen that the oxide-metal interface does not exhibit the extra peak
FIG. 6-X-ray diffracted intensity versus two-theta angle, plotted as a function of distance from the oxide-metal interface for (a) a protective oxide formed on Zr-0.2Fe-0.1Cr (H) after exposure to 360°C water for 415 days; (b) a nonprotective oxide formed on Zr-0.2Fe-0.1Cr ͑L͒ after exposure to 360°C water for 409 days.
intensities associated with the interfacial phases seen in the protective oxides, indicating that the monoclinic oxide forms directly from the metal without the intermediate tetragonal precursor phase.
This oxide-metal interface structure was also present in the oxide layers formed at 500°C, both in steam and in supercritical water. However, the intensity of the ͑002͒ t peak was much more prominent in the oxide formed at 500°C than in the oxides formed at 360°C. Figure 7͑a͒ shows a plot of diffracted intensity versus two-theta angle versus position in the oxide layer for a scan conducted on an oxide layer formed on Zr-0.2Fe-0.1Cr ͑H͒ after 150 days of exposure in supercritical water. This alloy maintains protective oxide growth in supercritical water up to 150 days. As can be seen, the ͑002͒ t peak forms at the interface, with a much higher intensity than that of the same peak formed in 360°C water corrosion in the same alloy. Figure 7͑b͒ shows a similar scan performed in a nonprotective oxide layer formed on alloy Zr-0.5Cr in 500°C steam. In this case, no interfacial phases are seen, and this was a universal observation for all nonprotective oxide layers studied. The fact that the same oxide-metal interface structures are present in protective oxide layers formed during exposure to 360°C water and in 500°C steam or supercritical water indicates that similar mechanisms for forming protective oxides are present at both temperatures.
FIG. 7-X-ray diffracted intensity versus two-theta angle, plotted as a function of distance to the oxide metal interface for (a) an oxide formed on alloy
Quantitative Analysis of Diffraction Results
The diffraction results presented qualitatively in Figs. 6 and 7 were analyzed quantitatively by manually fitting the diffraction patterns with PeakFit software, using a Pearson VII peak shape. One example of the fitting process is shown in Fig. 8͑a͒ which shows a fitted spectrum taken from the oxide-metal interface of a protective oxide layer formed in Zr-0.2Fe-0.1Cr ͑H͒ during exposure to 360°C water. The diffraction pattern shows the ͑002͒ t peak seen only in the 0.3 micron region near the interface as well as the broad ͑101͒ t peak associated with the normally observed tetragonal phase seen in the bulk of the oxide. It also shows the monoclinic oxide peaks. Figure 8͑b͒ shows the same fitting performed for the oxide-metal interface of a Zr 0.2Fe-0.1Cr ͑H͒ alloy exposed to supercritical water at 500°C. A clear and strong ͑002͒ t Figure 6 (a)) and (b) Zr-0.2Fe-0.1Cr ͑H͒, exposed in supercritical water at 500°C.
FIG. 8-X-ray diffracted intensity versus two-theta angle for a location near the oxide metal interface showing the peak fits performed, and the residuals for (a) Zr-0.2Fe-0.1Cr (H) exposed in water at 360°C (same sample as in
Each peak location and corresponding (hkl) is also shown.
peak is seen. Such an analysis yields the diffracted intensity for all the peaks as a function of location in the oxide as well as the full width at half-maximum from which the grain size can be calculated using the Scherrer equation ͓18͔. As done previously ͓4͔, this determination needs to be performed away from the oxide metal interface to avoid strain broadening from the high stresses present at that location. The grain size measured in this case is perpendicular to the grain sides which are parallel to the sample surface. In the case of the columnar grains it is their width that is measured.
In addition to these differences, it is also possible to note in the protective oxide layers a significant intensity of the suboxide phase Zr 3 O seen previously in the protective commercial alloys ͓5͔. This is shown in Fig. 8 , where the suboxide peaks are indicated. The suboxide peaks were seen at both temperatures but were more prominant at 500°C. A suboxide layer on the order of 3-5 microns is seen in the optical/SEM examination of the alloy oxides formed at 500°C ͓19͔, ͑much wider than the suboxide layers seen during examination of protective layers in commercial alloys corroded at 360°C, which were 0.1-0.5-micron thick͒. Other researchers have previously seen suboxide phases during zirconium alloy oxidation, e.g., Ref.
͓20͔.
Using the integrated intensities obtained from the fitted diffraction peaks, it is possible to plot the intensity of the various diffraction peaks against distance from the oxide-metal interface. Figure 9 shows the variation in the intensities of the ͑002͒ t peak from the highly oriented tetragonal phase, and the ͑020͒ m and ͑002͒ m peaks from the monoclinic oxide phase. From the figure it is clear that the intensity of the ͑002͒ t peak increases well before the intensities of the monoclinic peaks become significant, in agreement with the hypothesis that the ͑002͒ t peak belongs to a precursor phase for the monoclinic phase of the oxide. A similar distribution of peak intensities was observed in the oxides formed on Zircaloy-4, ZIRLO, and Zr-2.5 Nb, i.e., the ͑002͒ t peak of the tetragonal phase appeared a little before the oxide-metal interface and was only visible in a region of 0.2-0.5 microns near the interface.
Further evidence that the ͑002͒ t peak is different from the other diffraction peaks is shown in Fig. 10 . Whereas Fig. 9 shows the integrated intensities of the peaks, the original diffraction pattern shows the appearance of the diffraction arcs before integration, as recorded in the CCD camera. On the left are the patterns obtained at the oxide-metal interface and on the right are the patterns taken 3 m away, into the oxide. The top figure comes from a nonprotective ͑NP͒ oxide layer while the three lower figures are from protective oxides ͑P͒. The diffracted intensities associated with the ͑002͒ t peak are indicated with white arrows. These intensities are only observed at the interface of protective oxides.
It is clear that the peak associated with the ͑002͒ t intensity has a different appearance than the monoclinic peaks in the ͕200͖ family. The diffraction intensity from this peak has a mottled appearance, in contrast with the even intensities seen along the arc for the monoclinic oxide peaks. It is also interesting to note in Fig. 10 that the intensities of ͑002͒ t and ͑020͒ m are strongly correlated, i.e., the peaks are aligned along the diffraction arc. This lends support to the idea that oxide grains which at the interface show a strong ͑002͒ t intensity grow to be monoclinic grains oriented according to the orientation relationship ͓7,21,22͔. ͑H͒ shown in Fig. 6(a) , as a function of distance from the oxide-metal interface.
A more detailed texture analysis will be published elsewhere, but the overall texture of the protective and nonprotective oxides is different. This is demonstrated qualitatively by calculating the ratio of the average intensities of the ͑111͒ m and ͑111͒ m peaks. Figure 11 plots this calculated ratio for the various oxide layers, and labels the ratios as coming from a protective ͑P͒ or nonprotective ͑NP͒ oxide layer, according to the corrosion rate that was prevalent in the sample when it was archived. The protective oxides have a much smaller ratio than that of the nonprotective oxides. In fact, the ratio is the highest ͑closest to random͒ for the least protective oxide layers, with values of 0.9 and 0.8 for crystal bar and sponge Zr, respectively. As mentioned above, a random monoclinic powder has a ratio of 1.45, which means that the protective oxides are more heavily textured ͑farther from random͒ than the nonprotective oxides. (b) (d) . Arrows indicate the interfacial highly oriented tetragonal ͑002͒ t peak found in the protective oxides.
FIG. 10-Diffraction patterns taken from oxide layers formed in four alloys, at the oxide metal interface (left) and 3 m away (right) for (a)
Finally, the tetragonal fraction in the oxide was calculated as a function of distance from the oxidemetal interface using the Garvie-Nicholson formula corrected for oxide texture ͓4,5,23,24͔. Note that the Garvie-Nicholson formula uses the intensity of the ͑101͒ t peak to assess the tetragonal fraction, and thus it has no relation to the highly oriented tetragonal phase at the oxide metal interface mentioned above. The highest tetragonal fraction was 23 %, seen in the oxide layer formed in Zircaloy, and the lowest was 1.6 %, in the most corrosion resistant alloy, Zr-0.4Fe-0.2Cr ͑H͒. As discussed above, no relationship was found between the overall tetragonal fraction in the bulk of the oxide calculated by the Garvie-Nicholson formula and oxide protectiveness.
Discussion
The characteristics of protective and nonprotective oxides seen in this work are in agreement with previous observations made on commercial alloys. Figure 12 summarizes schematically the oxide structures seen in protective and non-protective oxides.
Figures 12͑a͒ and 12͑b͒ illustrate the distribution of diffraction peak intensities as a function of position relative to the oxide metal interface, in a protective and nonprotective oxide layer, respectively. The samples illustrated have the ͑1010͒ Zr metal prism planes aligned with the surface of the sample ͑and thus have strong intensities͒, and the poles of the ͑0002͒ Zr metal planes within the plane of the surface of the sample ͑which implies low diffraction intensities͒. In the protective oxides ͑Fig. 12͑a͒͒ the interface exhibits strong Zr 3 O suboxide peaks located at two-theta positions just below the ␣-Zr peaks. The ratio of the integrated intensities of the suboxide peaks to the corresponding ␣-Zr peaks was as high 1 to 1. In contrast, in the nonprotective oxides the suboxide peaks were either not present, or had lower intensities, on the order of 0.15-0.2 of the corresponding metal peaks.
The highly oriented tetragonal precursor phase indicated by the ͑002͒ t peak in Fig. 12͑a͒ was not observed in the nonprotective oxides. When the ͑002͒ t peak was visible at the interface, the resulting texture in the bulk of the oxide resulted in a stronger intensity of the ͑020͒ m peak relative to that of the ͑002͒ m peak. In contrast for the nonprotective oxides the ͑020͒ m and ͑002͒ m peak intensities were nearly the same. The resulting texture also results in higher intensities of the ͑111͒ m peak relative to the ͑−111͒ m in the protective oxides as shown in Fig. 11 .
Thus, the protectiveness of the oxide layer is associated with the presence of a highly oriented tetragonal oxide phase at the oxide-metal interface. This interfacial tetragonal oxide phase is believed to be a precursor phase which causes the monoclinic oxide to form in an orientation that minimizes stress accumulation during oxide growth ͓15͔. The same association of the interfacial tetragonal phase with protective oxides was also seen in oxide formed at 500°C, both in supercritical water and in steam. The difference was the much higher volume fraction of the tetragonal interfacial phase for oxides formed at 500°C than in the oxides formed at 360°C.
Some negative observations can also be reported with some confidence. In particular, there is no evidence that the overall tetragonal fraction, as measured by the Garvie-Nicholson equation, is associated with the formation of a protective oxide. For example, among the protective oxides formed at 360°C the highest tetragonal fraction was seen in Zircaloy-4, which, although protective, is not the most protective oxide. The most protective oxides ͑Zr-Fe-Cr alloys͒ exhibited maximum bulk tetragonal fractions ͑in the first micron near the oxide metal interface͒ of 5 -7 % while that of Zircaloy-4 was ϳ20 %. Thus, the highly oriented tetragonal phase, ͑present in the first 0.2 microns near the oxide-metal interface and visible through the ͑002͒ t peak͒ is highly correlated with protective behavior while the bulk tetragonal phase ͑present to varying degrees throughout the oxide layer and visible through the ͑101͒ t peak͒ is not correlated with protective behavior. It is emphasized that these are thought to be two different populations of tetragonal phase, the former transforming to monoclinic grains as soon as they reach a critical size ͓5͔ and the latter being a remnant phase, present in small amounts throughout the oxide.
There was also little evidence of periodicity in the oxides formed on alloys other than Zircaloy-4. However, this may be due to the fact that the oxide layers studied were not thick enough.
Since most previous X-ray diffraction studies of the oxide layers formed on zirconium alloys were
FIG. 12-Schematic plot of X-ray intensity versus two-theta angle as a function of distance from the oxide metal interface for (a) protective and (b) nonprotective oxide layers.
performed in frontal geometry ͑averaged over the whole oxide thickness͒ ͓16,17,25-27͔, it is only possible to compare the overall characteristics of the oxide layer texture and phase fraction and these correspond very well ͑oxide growth direction, overall texture and tetragonal fraction͒. The unique information shown in this work regarding the spatial distribution of phases in the oxide layer can only be compared to TEM studies, since these have high enough spatial resolution. Unfortunately, as pointed out previously, ͓28,29͔ the preparation of thin foils may destabilize phases such as the tetragonal phase which are stabilized by stress. Examination of the oxide layers by TEM in a similar study ͓6͔ shows features that are in agreement with the present observations.
Corrosion Kinetics
The detailed weight gain measurements obtained from the corrosion testing of the model alloys allow some conclusions to be drawn regarding the role of alloying elements in the process of the formation of a stable and protective oxide. The first interesting result is that the pretransition corrosion kinetics are markedly different for the different alloys, ranging from near parabolic to lower than cubic. The question then arises as to what controls the corrosion kinetics. The overall corrosion reaction
can be broken down into several individual steps, each of which could be the rate limiting step. These steps include a surface reaction at the oxide-water interface, whereby oxygen is introduced into the layer, oxygen transport through the oxide ͑outward diffusion of Zr assumed not to occur͒, reaction at the oxide-metal interface and electron transport through the barrier layer. Because the weight gain rate decreases as the oxide thickness increases, the rate limiting step necessarily involves transport of species through the oxide layer, so that the surface reactions cannot be rate limiting. Although it is normally assumed that the oxygen vacancy transport through the oxide layer ͑either by bulk diffusion or grain boundary diffusion͒ is rate limiting, it is possible that in some circumstances electronic transport is the rate limiting step, as discussed in the following.
The model of vacancy transport controlled corrosion in a homogeneous medium ͑either through the grain boundaries or through the bulk of the oxide͒ yields parabolic kinetics, i.e., n = 0.5. The current results indicate that such a model may only be applicable to Zr-Nb alloys, which show n Ϸ 0.45. The corrosion kinetics in alloys containing transition metals show lower values of n ͑n = 0.2 to 0.25͒ so that this model does not apply. The question can then be posed as to why.
Previous explanations of supra-parabolic ͑n Ͻ 0.5͒ behavior have included grain boundary migration through a population of grains whose size increases with oxide thickness ͓30͔, formation of lateral cracks that impede diffusion, a changing thickness of the barrier layer ͓31͔, and the effect of stress on diffusion. However, all of these explanations have problems. For example, TEM studies ͓6͔ do not show the required grain size variation across the oxide and simple calculations show that stress can only make minor changes in the vacancy migration energy ͑the elastic strain energy accumulated in a monoclinic oxide at yield ͑ y 2 / 2E͒ corresponds to only 0.002 eV/ atom͒. This difference in corrosion kinetics between Nb containing and transition elements containing alloys could be due to the Nb in solution being incorporated in solid solution into the oxide as an aliovalent solute, providing greater electrical conductivity in the oxide, allowing easier electron transport and causing the corrosion process to be limited by the diffusion of oxygen vacancies. In contrast, in the transition element alloys the corrosion process may be controlled by electron transport. The Zr-transition metal alloys, such as Zr-Fe-Cr, Zr-Cr-Fe, and Zr-Cu, contain a very small amount of alloying elements in the metal matrix, such that the oxide conductivity is controlled by impurities in the metal matrix which are incorporated in solid solution in the oxide. As a result in the oxides formed on precipitate-bearing alloys, the conductivity of the oxide may be smaller, thus causing a corresponding decrease in the vacancy flux in the oxide layer to match. This is borne out by the fact that, while protective, the corrosion kinetics of Zr, Zircaloy-4, and Zr-Fe-Cr are all similar. This would mean that Sn does not play a similar role as Nb in the changing the conductivity of the layer, since there is plenty of Sn in solution in Zircaloy-4 ͑likely the difference is that Sn has a similar valence as Zr͒. In any circumstance, the supra-parabolic and indeed, supra-cubic behavior of the weight gain for the precipitate bearing alloys is not consistent with a diffusioncontrolled process in an unvarying, homogeneous solid.
Loss of Protectiveness: The Oxide Transition and Breakaway
The loss of protectiveness that occurs at the oxide transition differs from breakaway corrosion in that the oxide recovers its protective character in the former, but not in the latter. It is useful, however, to discuss the two processes as arising from similar degradation mechanisms. It is interesting to note that alloys that have extensive solid solutions such as ZrNb and Zircaloy did not undergo breakaway corrosion, while many precipitate-only alloys, such as ZrCrFe alloys and ZrCuMo alloys, sooner or later underwent accelerated corrosion. The higher alloying content ZrFeCr alloys withstood the full length of the test without undergoing breakaway corrosion, but possibly the test was not run for enough time. Thus when ZrNb and Zircaloy undergo loss of protectiveness at transition, manage to recover the protective behavior.
A significant difference is seen in stability to breakaway of the oxides formed in alloys Zr-0.4Fe-0.2Cr and Zr-0.2Fe-0.1Cr. While the former did not undergo breakaway during this test the latter either went into immediate breakaway ͑500°C͒ or went into breakaway after about 200 days ͑360°C͒. In fact, in general, as long as the alloy contained Fe and an overall alloying content of at least 0.6 % they resisted breakaway for the duration of the test. It is likely that the volume fraction of precipitates plays a role in creating a precipitate distribution that creates a composite oxide conductivity that is laterally homogeneous. In the lower volume fraction precipitate alloys, small side to side variations in conductivity in the micron scale ͑such as can occur between prior beta grains and the rest of the material͒ can be magnified. This leads to a faster oxide layer advance in one region than in another, causing the oxide layer to crack as a result. The extreme version of this is shown in Fig. 2͑d͒ . When precipitates are present, the electronic conductivity they afford is higher than that provided by impurities and it is also more homogeneous, leading to more stable oxide growth.
Two main classes of mechanisms have been proposed to explain the oxide transition/breakaway: those based on a development of stresses followed by mechanical failure of the oxide ͓28,32͔, and those based on an accumulation of porosity during oxide growth which, at some critical value reaches a percolation condition ͑continuous access of water through the oxide layer͒ ͓33͔. In either case, the result is the creation of easier access paths for the corroding medium ͑water͒ to reach the oxide metal interface where new oxide is being formed.
When the hcp-Zr reacts with oxygen to form monoclinic ZrO 2 , there is an accompanying volume expansion of 56 %, caused by the difference in unit cell volumes between the oxide and the metal. Essentially all of this expansion is accommodated in the normal direction, such that 1 m of metal consumed yields 1.56 m of oxide. This is done nearly perfectly during corrosion of protective alloys as the measured oxide thickness is within a few percent of 1.56 times the consumed metal. However, even a small deviation of a few percent from this ideal behavior ͑thereby causing some lateral expansion to occur along with the vertical expansion͒ causes large stresses to develop that can eventually crack the oxide.
One additional difficulty is that such stress is compressive and would create lateral cracks ͑as observed͒, rather than the vertical cracks required to breach the oxide. It is possible, however, that the formation of the lateral cracks leads to the interconnection of existing pores, creating a percolating condition for the water to transverse the oxide.
Given the above picture and in light of the oxide characterization performed in this work, it is possible to understand why one oxide layer is more susceptible to breakaway than another. We interpret the ever present association seen in this work of the precursor oxide phase with protective oxides and its orientation relationship with the monoclinic oxide as evidence that this phase allows a more properly oriented oxide to grow, in a way that minimizes stress accumulation and therefore delays the oxide transition to larger oxide thicknesses.
As for the reason why some oxides recover from transition and restart forming protective oxide while others go into breakaway, this may be related to the microchemical structure of the alloy and to how laterally homogeneous the alloy chemistry is. In the solid solution alloys ͑which do not undergo breakaway͒ the presence of the aliovalent solutes allows for the corrosion to be limited only by vacancy transport and for the transport through the oxide layer to be laterally homogeneous. Thus when the oxide loses protectiveness, a homogeneous protective layer is formed that re-establishes the pretransition kinetics. In the precipitate bearing alloys, it is possible that, at transition, statistical variations in precipitate distribution cause oxide advance to happen faster in one region than the other ͑at the micron scale͒. According to this hypothesis, a very homogeneous fine distribution of precipitates would be the most stable microstructure against breakaway.
Conclusions
A systematic study has been performed of oxide layers formed in model alloys during exposure to 360°C water and 500°C supercritical water and steam, using microbeam synchrotron radiation diffraction and fluorescence. The main conclusions are as follows.
͑a͒ Although the alloys studied were all tested in the same autoclaves, a wide variation in corrosion kinetics and oxide stability was observed among the model alloys studied, indicating that the alloy chemistry and microstructure determine corrosion behavior. The same alloys that showed protective behavior at 500°C also showed protective behavior at 360°C indicating that the mechanisms of corrosion and protective oxide formation are similar. ͑b͒ In the pretransition regime, the values of the weight gain coefficient n were observed to vary between n = 0.25 and 0.45 at 360°C and between 0.33 and 0.6 at 500°C depending on the alloy. The solid solution alloys exhibited higher values of n than did the precipitates bearing alloys. ͑c͒ Microbeam X-ray diffraction examination of cross-sectional oxide samples identified systematic differences between protective and nonprotective oxides, especially at the oxide-metal interface.
In the protective oxides an interfacial tetragonal oxide phase was observed, believed to be a precursor to the monoclinic oxide and which causes the oxide to form in a manner that maximizes occupation and minimizes stress accumulation, leading to more stable oxide growth.
